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Background. Data derived h~)m epidemiologica l  
and  expe r imen ta l  s tudies  suggest Ihat  a lpha -  
l ino len ic  acid (ALA; 18:3n-3), the m a i n  m-3 p o l y u n -  
sa tura ted  fatty acid (PURA) presen t  in the Western 
diel, m a y  have protective effects in  breas t  c ance r  
r isk a n d  metas ta t ic  progression.  A recent  pilot c l in i -  
cal trial  assessing Ihe effects of ALA-rich dietary 
flaxseed on t m n o r  biological  marke r s  in post-  
m e n o p a u s a l  pa l ien ts  wi th  p r ima ry  breas t  c ance r  
d e m o n s t r a t e d  s ignif icant  reduc t ions  in t u m o r  
growth and  in  HER2 (erbB-2) o n c o g e n e  expression. 
Hypothesis. The m o l e c u l a r  m e c h a n i s m  by wh ich  
ALA inh ib i t s  breas t  cancer  cell growth a n d  metas ta -  
sis fo rmat ion  may  involve a direct regula t ion  of 
HER2, a wel l -charac ter ized  oncogene  p lay ing  a key 
role in  the etiology, pro~oxession and  response  to 
some chemo-  and  endoc r ine  therapies  in approxi-  
mate ly  20% of breast  ca rc inomas .  
~lethods. Using HER2-specific ELISA, flow cy tome-  
fry, i m n a u n o l l u o r e s c e n c e  microscopy,  Western blot-  
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ling, RT-PCR a nd  HER2 p romote r - r epor t e r  a n a l y -  
ses, we character ized the effects of exogenous  sup-  
p l emen ta t i on  wi th  ALA on the expression of H ER2 
oncogene,  a mas t e r  key p layer  in the onset  and  
metas tas is  fo rma t ion  of breas t  c ance r  disease. 
Metabolic  s ta tus  (MTT) assays were pe r fo rmed  to 

evaluate  the n a t m ~  of  the cytotoxic in te rac t ion  be-  
lween ALA a n d  the h u m a n i z e d  an t i -HER2 m o n o -  
Clonal an t ibody  t r a s t u z u m a b  (Herceptin| q'o s tudy 
these issues we used BT-474 a n d  SKBr-3 breast  can-  
cer cells, which  na tu ra l l y  exhibi t  ampl i f ica t ion  of 
the HER2 oncogene.  

Results. ALA t r ea tmen t  dramat ica l ly  suppressed  the 
expression of HER2-coded p185 Her-2/neu o n c o p r o -  

rein as de tem~ined by ELISA, flow cytomet~% im-  
munof iuo re scence  microscopy and  i m m u n o b l o t t i n g  
techniques.  Interest ingly,  ALA-induced down-regat-  
la t ion o f  p185 Her-2/neu cmTelated with a t ranscr ip-  

t ional response  as no  HER2 mRNA signal  could  be 
detected by RT-PCR u p o n  t r e a t me n t  with op l imal  
concen t ra t ions  of ALA (up to 20 pM). Cons is ten t  
with these f indings,  ALA exposure  was  r ound  to 
d ramat ica l ly  repress the  activity of a Lucirerase re- 
por ter  gene dr iven by Ihe HER2 p r o m o t e n  
Moreoven the n a t u r e  of  the cytotoxic in te rac t ion  be- 
tween ALA a n d  l r a s l u z u m a b  (Hereept in  | revealed 
a s ignif icant  synerg i sm as assessed by MTT-based  
cell viabi l i ty  assays. 

Conclusions. i) These  f ind ings  reveal that  the  r 
PUFA ALA suppresses  overexpression of HER2 on-  
cogene at the t ranscr ip t iona l  level, which,  in turn,  
interacts  synergis t ical ly  wi th  an t i -HER2 I r a s luzum-  
ab-based  i m m u n o t h e r a p y ,  i/) O u r  resul ts  m o l e c u -  
larly suppor t  a recent  r a n d o m i z e d  d o u b l e - M i n d  
p lacebo-cont ro l led  cl inical  trial  sugges t ing  that  
ALA m a y  be a potent ia l  dietary a l ternat ive  or  ad-  
junc t  to cnn-ent ly  used drugs  in  the m a n a g e m e n t  of 
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HER2-pos i t ive  b reas t  c a r c i n o m a s .  /it) C o n s i d e r i n g  
o u r  p rev ious  f ind ings  d e m o n s t r a t i n g  the  <<HER2 u p -  
r e g u l a t o r y  act ions, ,  of  the  r PUFA l i no l e n i c  acid 
(LA; 18:2n-6) and the , H E R 2  d o w n - r e g u l a t o r y  ac- 
tions,, o f  the r PUFA d o c o s a h e x a e n o i c  acid (DHA; 
22:6n-5) a n d  o r  the  r m o n o u n s a t u r a t e d  fatty acid 
ole ic  acid (CA; 18:1n-9), it  is r e a s o n a b l e  to sugges t  
that a low ~6/r PUFA ratio and  e levated  M U F A  
levels, the  two p r o m i n e n t  <<rat reatures, ,  o f  the  
<<Meditem-anean diet,,, s h o u l d  b e  extremely  eff icient 
at b l o c k i n g  HER2  exp~,ession in  b r ea s t  c a n c e r  cells. 

li-ey words: HER2, erbB-2, alpha- l inolenic  acid, t rastu-  
zumab ,  Herceptin,  fatty acids, b reas t  cancer .  
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suggest ing a role for HER2 in the etiology of some 
breas t  carc inomas .  In this regard ,  HEtl2 is overex-  
p ressesed  a n d / o r  hyperac t iva ted  in p re -neoplas t i c  
breas t  lesions such as atypical  duct  prol i fera t ions  and 
in ducta l  ca rc inoma  #lr situ of the b reas t  Is,if. Moreo-  
ver, HEPt2 :is a metas ta t i c -promot ing  gene, enhanc ing  
the invas ive  and metas ta t ic  pheno type  of  b reas t  can- 
cer  ceils  *8,*n. 
Using HER2-specific ELISA, flow cyto ine tw,  i m m u -  
nof luorescence microscopy,  Wes te rn  blott ing, RT- 
PCR and  gene repor ter  ana lyses ,  we here assessed the 
effects of ALA on the express ion  ofHEt t2  oncogene in 
breas t  cancer -der ived  BT-474 and SK-Br3 cell l ines, 
which  exhibit  HEB2 oncogene  ampl i f ica t ion  and are  
HEt l2-dependent  2~ 

I N T R O D U C T I O N  

Alpha- l inolenic  acid (ALA; 18:5n-5) is the  ma in  m-5 
po lyunsa tu ra ted  fatty acid (PUFA) presen t  in the 
Wes te rn  diet and  found in green  vegetables  such as 
flaxseed, more  c o m m o n l y  known  as l inseed,  and  in 
severa l  vegetable  oils inc lud ing  rapeseed  and soy- 
bean. Data der ived  Dora ep idemiologica l  and  experi-  
men ta l  studies suggest  that  ALA may  have  protect ive 
eflbcts in breas t  cancer  r isk and metas ta t ic  p rogres -  
sion. l~'irst, Bougnoux et al * repor ted  an inverse  corre-  
lation be tween  the level of ALA in breas t  fat and the 
deve lopmen t  of  metas tas is  subsequent  to breas t  can-  
cer  t reatment .  Second, low ALA acid content  of adi- 
pose breas t  t issue was associa ted  with an inc reased  
risk of  b reas t  cancer  in a case-control  s tudy 2. Third,  
diets r ich in ALA have been shown  to inhibi t  the 
growth  of spon taneous  or caJ~inogen- induced m a m -  
mary  ca rc inomas  in animals ,  and  the prol i fera t ion of 
h u m a n  m a m m a r y  t u m o r  cells in vitro, i ndependen t  
of the p roduc t ion  of long-chain  o~-5 PUFAs ~-7. Fourth,  
a r andomized  double-b l ind  p lacebo-cont ro l led  cl ini-  
cal t r ial  recent ly  demons t ra ted  that  ALA-rich d ie tary  
f laxseed has  the potent ia l  to reduce tumor  growth  in 
pat ients  with breas t  cance r  by  inc reas ing  apoptosis  
and reduc ing  the express ion  ol" the HEB2 oncogene s. 
At present ,  HER2 (also called neu  and erbB-2) repre-  
sents one  of the  most  impor t an t  oncogenes  in b reas t  
cancer.  HER2 codes for the p185 Her-2/aeu oncoprotein,  
a t r an smembrane  tyrosine Mnase orphan receptor  9a~ 
HER2 ampl i t ica t ion and overexpress ion  occurs  in ap- 
p rox ima te ly  20% of invas ive  breas t  ca rc inomas  and is 
cor re la ted  wi th  unfavorab le  c l in ical  outcome l~qS. 
Express ion  of high levels of HER2 is sufficient to in- 
duce neoplast ic  t ransformat ion of  some cell l ines .4,.5, 

Ctin Transt Oncot, 2006;8(t l):812-20 

MATERIALS AND M E T H O D S  

Cell l ines  and  culture c o n d i t i o n s  

The h u m a n  breast  cance r  cell l ines SK-Br5 and BT- 
474 were  obta ined  f rom the Amer ican  Type Culture 
Collection (ATCC), and they were  rout ine ly  g rown in 
pheno l  red-con ta in ing  improved  MEM (IMEM, Bio- 
source In ternat ional ,  Camar i l lo ,  CA, USA) conta in ing 
5% (rAg-heat - inac t iva ted  FBS and 2 mM L-glutamine .  
Ceils were  main ta ined  at 57 ~ in a humidi f ied  at- 
mosphe re  of 95% air  and 5% CO2. Cells were  
screened per iod ica l ly  tbr  Mycoplasma contaminat ion .  

Materials  

Alphaqinolen ic  acid (ALA; 18:5n-5) and  vi tamin E 
(dl-a-tocopherol) were  pu rchased  f rom Sigma- 
Chemical  (St. Louis, MO, USA). The cul tures  were  
supplemented ,  w h e r e  indicated,  with thtty acid-Dee 
bovine se rum a lbumin  (FA-free BSA, 0.1 mg/ml )  
complexed  with  a specific concent ra t ion  of ALA. A 
BSA/ALA concent ra ted  (X100)was  | b rmed  by' mix ing  
1 ml of  BSA (10 mg/ml )  with va r ious  vo lumes  (1-10 
pl) of  ALA (200 mg/ml )  in ethanol .  The concentra te  
was mixed  tbr 30 min at  room t e m p e r a t u r e  be{bre ad- 
dition to the cultures.  Control  cu l tures  conta ined un-  
complexed BSA. Tras tuzumab (Herceptin | was  kind-  
ly provided  by the Evanston Nor thwestern  Heal thcare 
Hospital Pha rmacy  (Ewinston, Illinois, USA). 
The mouse  monoclona l  an t ibodies  for HEtl2-coded 
p185 Her-2/neu pro te in  (Ab-5 and Ab-3 clones,  d i rected 
against  the ex t race l lu la r  domain  and the carboxyl ter- 
minal  14 amino  acids of p185 Her-2/'leu, respect ively)  
were Dom Oncogene  Research Products (San Diego, 
CA). Anti-I~-actin goat  po lyc lona l  an t ibody was  fi 'om 
Santa Cruz Biotechnology (Santa Cruz, CA). 

HER2-spec i f i c  ELISA 

For quant i ta t ive de te rmina t ion  of p185 Her-2/neu, the 
H u m a n  neu Quant i ta t ive  ELISA System (Oncogene 
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Science, Bayer Diagnostics) was applied according to 
the manufac ture r ' s  protocol. This i m m u n o a s s a y  for 
detection and quantification of HEt/2 :is sandwich  as- 
say util izing a mouse monoclona l  ant ibody (capture 
ant ibody coated onto microti ter  wells) and  a rabbi t  
polyclonal  se rum (detector antibody).  To assess the el:  
fects of  ALA on HEtl2 protein concentrat ion,  b reas t  
cancer  cells, after a 24 h starvation per iod  in media  
wi thout  serum but  with 0.5% FA-Dee BS, were  incu-  
bated for 48 h with 0.5% FA Dee-BSA (controls) or  in- 
creasing concentrat ions of ALA (10 and 20 pM). 
1:5,000-1:10,000 dilutions of total cell lysates from 
ALA-treated and control untreated SK-Br5 and BT-474 
breast  cancer  cells were  used to quantitate HEtl2 pro-  
tein expression in cell cultm~s. The amount  of detector 
ant ibody bound to ant igen was detected using a goat 
ant i - rabbi t  IgG/horseradish  peroxidase  conjugate. 
After the addit ion of the cromogenic  substrate te t ram- 
ethylbenzidine (TMB), the color range was  measured  
at 492 nm using" a microplate  reader.  A s tandard  cu~we 
was generated by using s tandard  solutions as per  man-  
ufacturer 's  instructions. The concentrat ion of  HER2 in 
test samples  was  de termined by interpolat ion of the 
sample  absorbances  from the s tandard  curve. 

F l o w  c y t o m e h j j  

Cells were  seeded on 100-ram plates  and cul tured in 
complete  growth  medium.  Upon reaching  75% conflu- 
ence, the cells were washed  twice with p re -warmed  
PBS and cul tured in serum-free  med ium overnight.  
ALA was  added to the cul ture as specified, and incu-  
bation was carr ied out at 57 ~ up to 48 hours  :in low- 
serum (0.1% FBS) media.  After t reatment ,  cells were  
washed  once with  cold PBS and harvested by scrap-  
ping in cold PBS. The cells were  pel leted and resus-  
pended in cold PBS conta ining 1% FBS. The cells were  
then incubated  with an anti-p185 ner-~/neu mouse  
monoclonal  an t ibody (clone Ab-5) at 5 pg /ml  tbr t h at 
4 ~ Afier this, the cells were washed  twice with cold 
PBS, resuspended  in cold PBS conta in ing 1% FBS, and 
then incubated  with a f luorescein i sothiocyanate  
(FITC)-conjugated an t iqnouse  IgO secondary  anti-  
body (Jackson h m n u n o r e s e a r c h  Labs,  West  Grove, 
PA) diluted 1:200 in cold PBS conta ining 1% FBS fi~r 45 
min  at 4 ~ Finally,  the cells were  washed  once in 
cold PBS, and ['low cytometr ie  analysis  was  per formed 
with a b'ACScalibur Now cytometer  (Becton Dickin- 
son, San Diego, CA) equipped with  Cell Quest  
Software (Becton Dickinson).  The mean  f luorescence 
signal  associated with cells tbr labeled p185 Her-i/neu 
was quantified using the GEO MEAN fluorescence pa- 
r amete r  p rovided  with the sottware.  

S e m i - q u a n t i t a t i v e  RT-PCR 

Fol lowing  t rea tments  wi th  ALA, cells were  hatwested 
with Ultraspec TM tlNA and  total BNA was isolated ac- 

cording to the manuthc tu re r ' s  ins t ruct ions  (Biotecx 
Labora tor ies  Inc., Madr id ,  Spain). i pg  of total tlNA 
was reversed  t r ansc r ibed  (RT) and ampl i t ied  (PCR) 
by Access tlT-PCII System (Promega)  us ing ] mM of 
specific p r ime r s  for HElt2 (sense:  5 ' -GGGCTGGCCC- 
GATGTATTTGAT-5'; ant isense:  5 ' -ATAGAGGTTGTC 
GAAGGCTGGGC-5') .  As an in terna l  control,  13-actin 
was used. The I~T react ion was carr ied out  for 45 rain 
at 48 ~ HER2 and f~-actin cDNAs were  ampli f ied 
with 20 cycles to ensure  that  the  PCR react ions  were  
per formed  in the l inea r  range us ing the fol lowing 
PCtl profile:  96 ~ for 50 see, 60 ~ for ] min and 68 ~ 
for 2 rain. The PCB products  were  separa ted  on a 2% 
agarose  gel and  detected by e th id ium bromide  stain-  
ing. 

I m m u n o b l o t t i n g  

Fol lowing t rea tments  with ALA, cells were  washed  
two t imes with  PBS and then lysed in buffer [20 mM 
Tris (pH 7.5), 1 50 mM NaCI, 1 mM EDTA, ;1 lnM EG- 
TA, t% Triton X-100, 2.5 mM sodium pyrophospha te ,  
1 mM l%glycerolphosphate,  1 mM NasVO4, I l ig/ml le- 
upept in ,  1 mM phenylmethylsu l fonyl f luor ide]  for 50 
min on ice. The lysates were  c leared by eentr ifugat ion 
in an eppendorff  tube (15 min at 14.000 Jl)na, 4 ~ 
Protein content  was  de te rmined  against  a s t andard-  
ized control  us ing the Pierce prote in  assay  kit 
(Rockford, Illinois, USA). Equal  amoun t s  of p ro te in  
were hea ted  in SDS sample  buffer (Laemli)  for 10 
rain at 70 ~ subjec ted  to e lec t rophores is  on 5-8% 
NuPAGE and then t rans tbrred  to ni t rocel lulose  m e m -  
branes.  Nonspecif ic  b ind ing  on the ni t rocel lulose  fil- 
ter pape r  was  min imized  by b locking  tbr 1 hr at room 
tempera tu re  ( R T ) w i t h  TBS-T [25 mM Tris-HCl,  150 
mM NaC1 (pH 7.5), and 0.05% Tween  20] conta in ing  
5% (w/O nonfat  dry nlilk. The treated filters were  
washed  in TBS-T and then incubated  overnight  at 4 ~ 
with anti-p185 Her-2/neu p r ima ry  ant ibody in TBS- 
T/5% (w/O bovine  s e r u m  a lbumin  (BSA). The m e m -  
branes  were  w a s h e d  in TBS-T, horse rad i sh  peroxi -  
dase-eonjuga ted  seconda ry  ant ibodies  (Jackson 
I m m u n m ~ s e a r e h  Labs, West  Grove,  PA, USA) in TBS- 
T were  added for 1 h, and imnmnoreac t i ve  bands  
were detected by enhanced  ehemi lu in ineseence  rea- 
gent (Pierce, RockFord, Illinois, USA). Blots were  re- 
probed with an an t ibody  for [3-actin to control  for pro-  
tein loading  and transfer.  

In si tu i m m u n  ofluorescent staining 

Cells were  seeded at a densi ty  of  1 x 10 '  ce l ls /wel l  in 
a fore-wel l  c ha mbe r  sl ide (Nalge Nunc Internat ional ,  
Rochester,  Nu USA). Fol lowing  t rea tments  with ALA, 
cells were  w a s h e d  with  PBS, fixed wi th  4% para tbr -  
ma ldehyde  in PBS for 10 rain, pe rmeab i l i zed  with 
0.2% Tri ton X-100/PBS for 15 min,  and stored over-  
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night a t  4 ~ with 10% horse  seruIn  in PBS. The cells 
were  washed ,  and then incubated  for 2 h with anti-  
p185 Her-2/neu ant ibody di luted 1:200 :in 0.05% Tri ton 
X-100/PBS. After extensive washes ,  the cel ls  were  in- 
cubated for 45 min  with FITC-conjugated  an t i -mouse  
IgG di luted 1:200 in 0.05% Tri ton X-100/PBS. The 
cells were  washed  five t imes  with PBS and  moun ted  
with VECTASHIELD + DAPI (Vector Labora tor ies ,  
Bur l ingame,  CA, USA). As controls,  cells were  s ta ined 
with p r ima ry  or  secondary  an t ibody  alone.  Control  
exper imen t s  d id  not  display' s ignif icant  f luorescence 
in any  case (data not shown).  Indirect  immunof luo-  
reseence was  recorded on a Zeiss microscope,  hnages  
were  noise-fi l tered,  corrected for background,  and 
p repa red  using" Adobe Photoshop.  

HER2 promoter  activity 

Using FuGENE 6 transf~ection reagent  (Roche Bioehe- 
micals ,  Indianapol is ,  IN) as di rected by the manufim- 
turer ,  overnight  s e rum-s ta rved  cells seeded into 24- 
wel l  plates  (~ 5 x 104 cel ls /wel l )  were  t ransfec ted  in 
low-se rmn (0.1% FBS) media  wi th  1,500 ng/wel l  of 
the pGL2-Luciferase  (Promega,  Madison,  WI) con- 
struct  conta in ing a Luciferase repor ter  gene dr iven  
by an intact  HEtt2 p r o m o t e r  f ragment  (HEtI2 wi ld-  
tzpe PEAS-binding s i te-Luciferase)  a long with 150 
ng/wel l  of the in terna l  control  p l a smid  pRL-CMV, 
which  was used  to correct  for t ransfect ion emciency.  
After 18 h, the t ransfected cells were  washed  and 
then incubated  with e i ther  e thanol  0'A~) or  ALA as 
specified. Approx imate ly  48 h a l ter  t rea tments ,  Luci-  
tErase activity fi 'om cell  extracts  was detected with a 
Luciferase Assay System (Promega,  Madison,  WI, 
USA) us ing  a Victor 2TM 1420 Mult i label  Counter  (Per- 
kin Elmer  Life Sciences). The magni tude  of act ivat ion 
in HER2 promoter -Luc i fe rase- t rans fec ted  cells was  
de te rmined  after normal iza t ion  of the Luci tbrase  ac- 
tivity in cells co- t ransfected with equivalent  amoun t s  
of the empty  pGL2-Luciferase  vector  lacking the 
HER2 promote r  (Q-Luciferase)  and the in te rna l  con- 
trol p l a smid  pRL-CMV. This  control  va lue  was  used 
to calcula te  the relative change in the t ranscr ip t iona l  
activit ies of HEtt2 promoter -Luc i fe rase- t rans fee ted  
cells in response  to t rea tments  after normal iza t ion  to 
pRL-CMV. The activity of the wi ld- type p romote r  in 
unt rea ted  control  cells was  defined as 100%. 

In  v i t ro  chemosens i t iv i ty  testing 

The abi l i ty  of ALA to modula te  b reas t  cancer  cell sen- 
sit ivity to the anti-HEir2 monoc lona l  an t ibody  t ras-  
m z u m a b  (Hercept in <~'~) was  de te rmined  us ing a stan- 
dard  co lor imet r ic  MTT (3-4, 5-dimethyl thiazol-2-yl-2 ,  
5 -d iphenyl - te t razol ium b romide )  reduct ion assay, 
Cells in exponen~a l  growth were  harves ted  by tlTpsi- 
nizat ion and seeded at a concent ra t ion  of ~ 5 x 103 

cells/200 ~tl/well into 96-well  plates,  and a l lowed an 
overnight  per iod  for a t tachment .  Then the m e d i u m  
was r emoved  and fresh medium along with var ious  
concentra t ions  of  ALA, 5 ~tg/ml t r a s tuzumab  or com- 
b ina t ions  of compounds ,  were  added to cul tures  in 
paral lel .  Agents were  s tudied in combina t ion  concur-  
rently. Control  cells wi thou t  agents  were  cul tured us-  
ing the same condi t ions  wi th  comparab le  n ledia  
changes.  C o m p o u n d s  were  not r enewed  dm'ing the 
entire per iod  of  cell exposure.  Fol lowing  t rea tment ,  
the m e d i u m  was  removed  and rep laced  by fresh 
drug-Kee m e d i u m  (100 gl /wel l ) ,  and MTT (5 m g / m l  
in PBS) was  added  to each well  at a 1/10 volume.  
Afier incubat ion  %r 2-5 h at 37 ~ the superna tan ts  
were careful ly  aspira ted,  100 ftl of DMSO were  added  
to each well,  and  the plates  agitated to dissolve the 
crystal  product .  Absorbances  were  measu red  at 570 
nm us ing  a nml t i -wel l  plate r eade r  (Model Anthos 
Labtec  2010 1.7 reader) .  The cell  viabi l i ty  effects fi 'om 
exposm~ of cells  to each compound  a lone and the i r  
combina t ion  were  analyzed  as percentages  of  the 
control  cell absorbances ,  which  were  obta ined From 
control  wel l s  t rea ted  with appropr ia te  concent ra t ions  
of the compounds  vehic les  that  were  processed  si- 
mul taneously .  For  each  t rea tment ,  cell viabil i ty was  
evaluated  as a percentage  us ing  the %l lowing equa-  
tion: (,457o of treated sampleZ4570 q[' utt, trcated sample) 
x 100. 

Statistical analyses  

Dalai a re  the mean  and 95% confidence in terva ls  (95~ 
CI) of  three i ndependen t  exper iments .  A two-way  
ANOVA was  used to analyze  differences be tween  the 
t r ea tment  and the control  groups.  

RESULTS 

Exogenous  supplementat ion  wi th  ALA 
down-regulates  H ER2-coded p185 Her-2/neu 
tyrosine k inase  receptor in HER2-overexpress ing 
breast cancer cells 

We first pe r fo rmed  a quanti tat ive m e a s u r e m e n t  of 
p185 Her-2/neu levels us i | lg  a HER2-specific ELISA (fig. 

1A). A 48 h exposure  of  HER2-overexpress ing  SK-Br3 
cells to inc reas ing  concen t ra t ions  of ALA (0, 10 and 
20 ~tM) was  tbund to significantly down-regu la te  
HER2 prote in  express ion  by  4,4% (fl'om 5.24 -+ 0.2 
flno] HER2 ~tg -~ in unt rea ted  control  SK-Br3 cells to 
2.93 + 0.3 flnol HER2 ~tg -~ in SK-Br3 cells t reated with 
20 ~tM ALA; f igure 1A, left panel) .  An up to 59% re- 
duct ion in HER2 prote in  express ion  was observed  in 
ALA-treated BT-474 cel ls  (fl'om 95% CI = 5.5-6.5 finol 
HEI{2 ~tg -1 in un t rea ted  control  BT-474 cells to 95% CI 
= 2.45-2.49 flnol HER2 lag -~ in BT-474 cells t rea ted  
with 20 ~tM ALA; f i~we IA, right panel) .  Accordingly,  
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Fig. 1. Exogenous supplementation with ALA down-regu- 
lates HER2 expression in breast cancer cells bearing HER2 
gene amplification. A)The Oncogene Science HER2 
Microtiter EUSA was used according to the manufacturer's 
instructions to compare the baseline expression of HER2 in 
SK-Br3 (left) and BT-474 (right) breast cancer cell lines in 
the presence or absence of increasing concentrations of 
ALA (0, 10 and 20 pM). B) Left. Overnight serum-starved 
BT-474 cells were cultured in IMEM-0.1% FBS in the pres- 
ence or absence of 10 IJM ALA for 48 h.The specific surface 
expression of p185 Her'2/neu in ALA-treated cells was 
determined by f low cytometry by measuring the binding of 
a mouse anti-p185 Her'uneu monoclonal antibody directed 
against the extracellular domain of p185 Her-2/neu (Ab-5 
clone) as described in -Material and methods,,.The mean 
fluorescence signal + S. D. (n --3) associated with cells for 
labeled p185 Her'2/neu was quantified using the Geo Mean 
fluorescence (GM) parameter provided with the Cell Quest 
Software (Becton Dickinson) Right. Overnight serum- 
starved BT-474 cells were cultured In IMEM-0.1% FBS (top 
panels) or IMEM-0.1% supplemented with 10 ~M ALA 
(bottom panels) for 48 h in eight-well chamber slides. Cells 
were then fixed with 4% paraformaldehyde, permeabilized 
with 0.2% Trtton X-100, and labeled for 2 h with an anti- 
p185 Her-?Jneu monoclonal antibody directed against the 
cytoplasmic domain of p185 Her'2/neu (Ab-3 clone). After 
labeling, cells were washed thoroughly, and localization of 
p185 Her'2/neu was detected by indirect immunofluorescence 
by incubating with RTC-conjugated anti-mouse IgG. After 
counterstaining with DAPI, cells were examined and pho- 
tographed using a Zeiss fluorescent microscope equipped 
with a built-in camera. The figure shows a representative 
immunostaining analysis. Similar results were obtained in 
three independent experiments. C)Top. BT-474 cells were 
cultured in the presence of graded concentrations of ALA 
for 48 h. 20 IJg of protein was subjected toWestern blot 
analyses with specific antibodies against p185 Her'2/neu 
(Ab-3) or ~-actln. A representative immunoblotting analysis 
is shown (n -- 3). Bottom.Total RNA from ALA-treated 
BT-474 cells was isolated and RT-PCR analyses for HER2 
and ~-actin transcripts expression were performed as 
described in ,,Material and methods,,.The figure shows a 
representative RT-PCR analysis. Similar results were 
obtained in three independent experiments. D) Overnight 
serum-starved BT-474 cells seeded into 24-well plates 
(~ 5 x 104 cells/well) were transfected in low-serum 
(0.1% FBS) media with 1,500 ng/well of the pGL2-Luciferase 
construct containing a Luciferase reporter gene driven 
by an intact HER2 promoter fragment along with 150 ng/well 
of the internal control plasmid pRL-CMV. Experimental 
treatments and Luciferase activity assays were carried out 
as described in ,<Materials and methods,,.The activity of the 
ALA-treated samples was calculated relative to that found 
in control cells treated with ethanol (= 100% Luciferase 
activity). Data are the mean (columns) and 95% confidence 
intervals (bars) of three experiments performed in duplicate. 
One-factor ANOVA was used to analyzed differences 
in the percentages of reduction in cell viability between the 
treatment groups. *p < .001 for all the ALA concentrations 
tested versus control cells treated with v/v ethanol 
(one-factor analysis of variance). All statistical tests were 
two-sided. 

flow cytometric analyses using a monoclonal anti- 
body directed against the extracellular domain of 
HER2 (Ab-5) established the ability of ALA (10 pM, 48 
h exposure) to dramatically decrease the expression 

levels of cell surface-associated HER2 in BT-474 cells 
(> 50% reduction; figure 1B, left panel), Equivalent 
results were found in HER2-overexpressing SK-Br3 
breast cancer cells (data not shown). 
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When  we ana lyzed  the impac t  of ALA t rea tment  in 
the sub-ce l lu la r  local izat ion of p 185 He~'~/neu, untreat -  
ed cells showed  a p r o m i n e n t  cel l -surface s ta ining of 
p185 Her-2/neu as  assessed  by immunf luo re scence  mi-  

croscopy. Upon ALA exposure,  the m e m b r a n e  stain-  
ing of p185 Her-2/neu was  clearly' d imin i shed  (fig. 1B, 
right panel) .  A signif icant  decrease  in the express:ion 
of HEB.2-coded p185 Her-2/neu oncopro te in  was  also 
observed  in imnmnob lo t t i ng  ana lyses  of  total prote in  
lysates t)'om ALA-treated BT-474 breas t  cancer  cells 
using a monoc lona l  an t ibody recognizing the car-  
boxyl t e rmina l  :14 amino  acids  of  p 185 Her-2/neu (Ab-5; 
figure IC, top panel) .  

E x o g e n o u s  s u p p l e m e n t a t i o n  wi th  ALA r e d u c e s  
HER2 m R N A  levels  a n d  HER2  gene  p r o m o t e r  
ac t iv i ty  

Although overexpress ion  of HER2 both :in t u m o r  and 
in der ived  cell l ines was or iginal ly  a t t r ibuted solely to 
ampli f icat ion of  erbB-2 gene (usual ly  2- to 10-fold), an 
elevat ion in HER2 mtlNA levels per  gene copy is also 
observed  in a l l  the cell  l ines examined  that  exhibi t  
gene ampl i f ica t ion 21. Indeed,  an increase  in t ran-  
scr ipt ion rate sufficient to account  for the degree  of  
overexpress ion  has been  shown in a n u m b e r  of 
HER2-overexpress ing  breast  cancer  cell  l ines 22'25. 
Our approach  therefore  sought to charac te r ize  the ef- 
fects of  exogenous  supp lemen ta t ion  wi th  ALA on the 
t ranscr ip t ion  rate of HER2 oncogene.  First ,  a dose-de-  
penden t  reduct ion on the express ion  levels  of HER2 
mtlNA was observed  in semi-quant i ta t ive  tlT-PC[I 
ana lyses  of l lNA isola ted froin ALA-treated BT-474 
cells (fig. IC, bot tom panel).  Then,  we  pe r tb rmed  
t rans ien t  t ransfect ion expe r imen t s  with a Luciferase 
repor ter  gene dr iven by the HER2 p r o m o t e r  (pNulit). 
Remarkably ,  ALA t rea tment  was  tbund to s:ignificant- 
ly r ep ress  the activity of  HER2 gene p r o m o t e r  (up to 
~ 80% inhibi t ion)  in BT-474 cells. Equiva lent  resul ts  
were  fbund in HER2-overexpress ing  SK-B r5 cells (da- 
ta not  shown).  These fnd ings ,  al together,  s t rongly 
suggest  that down-regu la t ion  of  HER2 p romote r  ac- 
tivity is  a ma jo r  molecu la r  m e c h a n i s m  under ly ing  
the anti-HER2 effects observed upon  exogenous  sup- 
p lementa t ion  wi th  ALA of HEB.2 gene-ampli f ied hu- 
man  b reas t  cancer  cells. 
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ALA c o - e x p o s u r e  s y n e r g i s t i c a l l y  e n h a n c e s  
t r a s t u z u m a b  (Hercep t in  | ef f icacy 
in H E R 2 - o v e r e x p r e s s i n g  b r ea s t  c a n c e r  cel ls  

We finally explored whe the r  the down- regu la to ry  ef- 
fects oFALA on HEI12 gene express ion could modula te  
the growth  inhib i tory  effects of  t r a s tuzumab  (Her- 
ceptin;~), a h u m a n i z e d  inonoclonal  an t ibody b ind ing  
with high affinity to the ec todomain  of p185 Her-2/neu 
oncoprote in  and showing  encourag ing  therapeut ic  ef- 
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Fig. 2. Concurrent exposure to ALA and trastuzumab syn- 
ergistically reduces cell viability in HER2-overexpressing 
BT-474 breast cancer cells. Cell sensitivity to trastuzumab 
and ALA was determined using a standard colorimetric 
MTT reduction assay as described in ,Materials and meth- 
ods,,. For each pair of columns, the height of the columns 
on the left represents the sum of the effect of each agent 
alone and, therefore, the expected % reduction in cell via- 
bility if their effect is additive when used in combination. 
The total height of the columns on the right indicates the 
observed % reduction in cell viability when the agents were 
used in combination.The difference between the heights of 
the paired columns reflects the magnitude of the synergy 
on reducing cell viability. Data are the mean (columns) and 
95% confidence intervals (bars) of three experiments per- 
formed in triplicate. One-factor ANOVA was used to ana- 
lyzed differences in the percentages of reduction in cell vi- 
ability between the treatment groups. *p < .001 for the ALA 
+ trastuzumab groups versus ALA and trastuzumab as sin- 
gle agents for all the ALA concentrations tested (one-factor 
analysis of variance). All statistical tests were two-sided. 

f~cts in pat ients  with HER2-overexpress ing  metas ta t ic  
breas t  cancer  ~*-28. We evalua ted  tile change  in cell 
toxicity of a sub-opt imal  concentra t ion  of t r a s tuzum-  
ab (5 gg/ml)  t~l lowing a 72 h co-exposure  to increas-  
ing concent ra t ions  of ALA (2.5, 5, 10, 20 and 40 pM 
ALA). Tile metabol ic  s tatus of BT-474 cells cu l tured  
with t r a s tuzumab  in the absence  or p resence  of AI~A 
was judged by the mi tochondr ia l  convers ion  of the 
te t razol ium salt ,  MTT, to its fo rmazan  product  (MTT- 
based cell v iabi l i ty  assays).  The s imul t aneous  pres-  
ence of  ALA dur ing  the incubat ion  t ime with t rastu-  
zumab caused an impor t an t  :increase on t ras tuzumab 
activity (fig. 2). For ins tance,  whi le  on ly  13% toxicity 
was observed  in the p resence  of  10 ~tM ALA, the cell 
toxicity induced  by 5 ~tg/ml t r a s tuzumab  increased  
fl'om 14% to 52o/0 (95% CI = 44% to 62%) in the pres-  
ence of  l0 ~M ALA, A two-way  ANOVA showed  that  
concurren t  exposure  to ALA and t r a s tuzumab  syner -  
gist ically enhanced  the eytotoxic effects achieved 
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with ALA and t ras tuzumab as single agents  it] a sta- 
t is t ical ly significant m a n n e r  (p < .001 for all the range 
of ALA concentra t ions  combined  with t ras tuzmnab) .  

D I S C U S S I O N  

In vitro and an ima l  s tudies  c lear ly  demons t ra te  that  
deregula ted  HER2 express ion  p lays  a p ivota l  role in 
ma l ignan t  t rans [brmat ion  and tumorigenesis .  Over-  
express ion  of HER2 has  also been  associa ted with 
more  aggress ive  phenotypes  of b reas t  cancer  and an 
increased  potent ia l  fi)r fi~rming metastases.  Although 
there are  cont rovers ies  regard ing  HEt/2 and ant i -can-  
cer  the rap ies  both in cl inical  inves t iga t ions  and labo-  
ra tory  studies,  substant ia l  ev idences  have  been accu- 
mulated indicat ing tbat HE[12 gene also affects the 
sensitivity of cancer  cells to var ious  t reatments  such as 
chemotherapy,  hormone  therapy,  radiation the rapy  
and cytokine t reatment .  Not smq0risingly, pat ients  
with HER2-overexpress ing  b reas t  cance r  are  associ-  
ated wi th  unfavorable  prognos is ,  shor te r  re lapse t ime 
and low surv iva l  rate29,5o. 
We ]]ere repor t  that  exogenous  supp lementa t ion  with 
ALA specif ical ly suppresses  HER2 overexpress ion  at 
the t ranscr ip t iona l  level  :in cu l tu red  HER2 gene-am-  
plified breas t  cancer  cells. ALA-induced repress ion  of 
HElt2 express ion,  in turn,  interacts  synergis t ica l ly  
with ant i -HEll2 breas t  cancer  i m m u n o t h e r a p y  by  en- 
hanc ing  the growth  inhibi tm3 ~ activity of the ant i -Her-  
2/neu  monoc lona l  an t ibody t r a s tuzumab  (Hercep-  
tin ~) in breas t  cancer  cells  wi th  ampl i f ica t ion of  the 
HEPt2 oncogene.  Although caut ion must  be appl ied  
when  ex t rapola t ing  in vitro resul ts  into chnica l  p rac -  
tice, this p rev ious ly  unrecogn ized  proper ty  of ALA 
should help in the unde r s t and ing  of the mo lecu la r  
m e c h a n i s m s  by  which  individual  d ie tary  FAs may 
regulate  the ma l ignan t  behav io r  of b reas t  cancer  
cells. Moreover ,  a r andomized  double -b l ind  p lacebo-  
contro l led  cl inical  tr ial  recent ly  evalua ted  the effects 
of d ie tary  flaxseed, which  has  an  except ional ly  high 
concentra t ion  of  ALA (57% of  total  fatty acids) on tu- 
mor  biological  ma rke r s  in pos tmenopausa l  pat ients  
with n e w l y  d iagnosed  b reas t  cancer  s . The resul ts  of 
this c l inical  tr ial  demons t ra ted  that  dai ly  intake of  25 
g f laxseed can significantly reduce cell prol i ferat ion,  
increase  apoptosis ,  and affect cell  s ignal ing  by reduc-  
ing HER2 express ion  of breas t  tumors.  A 71.0% re- 
duct ion in HEB2 express ion  and an increase  in apop-  
tosis (30.7%) were  observed in the f laxseed,  but  not  in 
the p lacebo groupS: Indeed,  the total  in take  of 
f laxseed was correlated with changes  in HER2 expres-  
sion and apoptotic index s. Although the high content  
of m a m m a l i a n  l ignan precursors  may  also explain  
some of these effects, ore' cu r ren t  f indings s t rongly 
suppor t  the not ion that  ALA is p l ay ing  a key role in 
d ie tary  f laxseed- induced  reduct ion  in HER2 expres-  
sion in pat ients  with b reas t  cancer.  

It has been a s sumed  that, in contras t  to hormones ,  
growth  fi~ctors and cytokines,  gene express ion  is not  
affected direct ly  by nutr:ients. However ,  it  has  recent-  
13, been descr ibed  that  l ipids can regula te  gene ex- 
press ion  51-55. Thus,  exogenous ly -der ived  FAs appea r  
to in teract  with the h u m a n  genome by regula t ing  the 
activity or the a m o u n t  of  t ranscr ip t ion  thctors such  as 
Peroxisome Prol i ferator-Act ivated Receptors  (PPAPt) 
or the Sterol Response Element Binding Protein (SREBP). 
We recent ly  cons idered  that these effects of d ie tary  
flits on gene express ion  may  open the door  to a whole  
new line of research  a imed  to molecu la r ly  charac te r -  
ize the counter in tu i t ive  an t i -cancer  propert:ies of a 
high-fht ,Med i l e r r anean  diet,,. Recent ly pub l i shed  ex- 
pe r imen t s  from our  l abora to ry  showed that  d ie tary  
FAs p rev ious ly  charac ter ized  for e i ther  thei r  b reas t  
cancer  protect ive effect and/or  its tmnor ic ida l  act ions  
(0~-3 PUFAs docosahexaeno ic  acid -DHA- and eicos- 
apen taenoic  acid  -EPA- and o)-9 monounsa tu ra t ed  
lhtty acid oleic acid -CA-)  signif icantly down- regu la te  
HER2 express ion  in h u m a n  cancer  models  na tura l ly  
exhibi t ing HEtt2 gene amplif icat ion and HEt/2 pro-  
tein overexpress ion  54-59. Moreover ,  exogenous  sup- 
p lementa t ion  with ALA, DHA, EPA or CA significant-  
15' d imin i shes  proteolyt ie  c leavage of the ex t race lhdar  
domain  of HER2, a c ruc ia l  even t  that de te rmines  both 
the aggressive biological  behav io r  of b reas t  carc ino-  
mas  and  the b reas t  cancer  response  to chemothe rapy ,  
ant i -es t rogens  and the anti-HEll2 ant ibody t ras tuzu-  
mab 5.. Conversely ,  l inoleic  acid, a e~-6 PUFA with a 
s t rong tumor igenes i s  s t imula t ing  effect, appea r s  to 
significantly up- regu la te  HER2 express ion (data not 
shown)  whi le  s ignif icant ly inc reas ing  HER2 extracel-  
lular  domain  concentration54; (fig. 3). As recent ly  
demons t ra ted  by  Bougnoux and cols. in thei r  recen t  
hypo thes i s / commenta ry  ,,Diet, Cancer  and  the Lipi- 
dome~ 4~ a carefifl r eappra i sa l  of the role of the envi-  
ronmen ta l  exposure  to die tary FAs in b reas t  cancer  
r isk (and progress ion)  nmst  be done before publ ic  
heal th  appl ica t ions  based  on some of the componen t s  
of the so-cal led , ,Mediterranean diet,,. These findings,  
al together,  under l ine  the concept  that a single fatty 
acid cannot  longer  be cons idered  as an i ndependen t  
b i o m a r k e r  of b reas t  cancer  risk. Alternatively,  two 
p rominen t  fat features of the ,<Mediterranean diet,,, 
i.e., a low 0~-6/c~-3 PUFA ratio and e levated MUFA 
levels appea r  to be a new composi te  b i o m a r k e r  of a 
low risk for b reas t  cance r  and,  probably ,  tbr o ther  
types of  h u m a n  cancer.  Since HEI:t2 oncogene  p lays  
an active role :in b reas t  cancer  etiology and progres -  
sion, our  cur ren t  results  not only are  in line with ani-  
mal  and  ep idemiologica l  s tudies showing  high levels 
of ALA to be protect ive against  b reas t  cancer  but  fur- 
ther  provide  a novel mo lecu la r  mechan i sm under ly -  
ing the an t i -breas t  cance r  ( tumoric idal )  act ions of 
ALA. Moreover ,  a low o)-6/o~-5 PUFA ratio and elevat-  
ed 0:)-9 MUFA levels,  the key "Medi te r ranean  diet 's  fat 
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DIETARY FATTY ACIDS' REGUtATORu 
ACTIONS on HER2 exptesslon 

FA HER2 expression 

L..~ ....... .u._P.!.t~YJ~!!~ ~._.! 

i 0~-3 EPA Down-regulation 

i(o.3 ALA Down-regulation i 

Fat  f e a t u r e s  of  t h e  
" M e d i t e r r a n e a n  d ie t"  

LOW ratio (~)-6/(o-3 PUFAs + 
High levels of m-9 MUFA 

Fig. 3. The <<fat features,, of the <<Mediterranean diet,, as an 
,anti-HER2 cocktail,,. Left. We previously demonstrated 
that @-3 PUFAs such as DHA and EPA as well as the ~-9 
MUFA OA significantly inhibits HER2 expression and/or ac- 
tivity in human cancer models naturally exhibiting HER2 
gene amplification and HER2 protein overexpression. 
Conversely, the r PUFA LA was found to significantly up- 
regulate HER2 a4ag, Right. Two prominent ,fat features,, of 
the <<Mediterranean diet,,, i.e., a low r PUFA ratio and 
elevated r MUFA levels appear to be a new composite 
biomarker of a low risk for breast cancer 4(~, Since HER2 
oncogene plays an active role in breast cancer etiology 
and metastatic progression, our findings support the no- 
tion that a low ~-6/(0-3 PUFA ratio and elevated ~-9 MUFA 
levels, the key <<Mediterranean diet's fat features,,, can be 
expected to be extremely efficient at blocking HER2 ex- 
pression. The predictable anti-HER2 actions of the ,Medi- 
terranean diet's fat features,, not only can explain their po- 
tential protective effects on the promotion and progression 
of breast cancer disease. 

fi~atures", can be expected to be extremely efficient at 
blocking HEtl2 expression (fig. 5). 
In summary ,  consider ing that dietary in tervent ions  
based on ALA-rich flaxseed has already been demon-  
strated to significantly reduce HEt{2 expression in 
breast  cancer patients 8, our current  characterization 
of the anti-HER2 actions of the 0)-5 PUFA reveal an 
inexpensive and  readily available dietary alternative 
or ad junct  to current ly  used drugs in the manage-  
ment  of HER2-positive breast carcinomas.  This ALA- 
based therapeutic approach, which will repress HEPt2 
at the t ranscript ional  level, might  be even more bene-  
ficial when  given in combinat ion with molecular  
therapies directed against HER2 such as t ras tuzumab,  
which target the ectodomain of HER2 and promote its 
degradation. Certainly, an appropriate dietary- inter-  
vent ion reproducing the predictable anti-HER2 ac- 
tions of the ,Medi te r ranean  diet's fat features~ should 
be accomplished in an imal  models and h u m a n  pilot 
studies in the fl~ture. Only then we will know 
whether  the old ,Medi te r ranean  dietary traditions,, 
can successfully work as a vahmble ,anti-HER2 cock- 
tail,, in the m a n a g e m e n t  of HER2 positive-breast can- 
cer disease. 
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